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Many measurements are necessary in the program of studying mixing, CP violation 
and rare decays of b and c quarks. These measurements require large numbers of 
B°, B s , B~ and D* + hadrons. Fortunately, copius production of particles contain- 
ing b and c quarks will occur at Tevatron and the LHC. The crucial measurements 
are described here, as well as the design of the two experiments, LHC-b and BTeV, 
that can exploit the 4 — 20 X 10 11 b hadrons produced every 10 7 seconds. 



1 Introduction 

The basic experimental goals are to make exhaustive search for physics beyond 
the Standard Model and to precisely measure Standard Model parameters. I 
first discuss what studies need to be done, not just what studies can be done 
in the near future. Measurements are necessary on CP violation in B° and 
B s mesons, B s mixing, rare b decay rates, and mixing, CP violation and rare 
decays in the charm sector. 

2 The CKM Matrix and CP Violation 

2.1 The 6 Unitarity Triangles 

The base states of quarks, the mass eigenstates, are mixed to form the 
weak eigenstatesLas described by the 3x3 complex Cabibbo-Kobayashi- 
Maskawa matrix]^ that can be expressed in terms of 4 fundamental constants 
of nature, that need to be determined experimentally. In the Wolfenstein 
approximation 2 ! the matrix is written as: 

l-A 2 /2 A A\ 3 {p-ir)(l- A 2 /2)) 

-A I- \ 2 /2-ir ] A 2 \ i A\ 2 (l + ir)\ 2 ) . (1) 

A\ 3 (l- p-irj) -AX 2 1 

This expression is accurate to order A 3 in the real part and A 5 in the imaginary 
part. It is necessary to express the matrix to this order to have a complete 
formulation of the physics we wish to pursue. 

Non-zero rj allows for CP violation. CP violation thus far has only been 
seen in the neutral kaon system. By exploring CP violation in the b and c 
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systems we can see if the CKM model works or perhaps discover new physics 
that goes beyond the model, if it does not. 

The unitarity of the CKM matrix allows us to construct six relationships. 
These equations may be thought of triangles in the complex plane. They are 
shown in Fig. |l|. 




Figure 1. The six CKM triangles. The bold labels, e.g. ds refer to the rows or columns 
used in the unitarity relationship. 



All six of these ^dangles can be constructed knowing four and only four 
independent angles our El These are defined as: 

( v tb v t * d \ ( v: b v ud 



V£V»J- "\ v; d v c . 



(2) 



Two of the phases j3 and 7 are probably large while x is estimated to be 
small «0.02, but measurable, while \' is likely to be much smaller. 

In the bd triangle, the one usually considered, the angles are all thought to 
be relatively large. Since V* d = A, this triangle has sides 1, j ^ , j -p^ . 
This CKM triangle is depicted in Fig. ^, with constraints from other 
measurements. a Also shown are the angles a, f3, and 7. Since they form 
a triangle the "real" a, (3 and 7 must sum to 180°; therefore measuring any 
two of these determines the third. n 

It has been pointed out by Silva and Wolfcnstcim that measuring these 
angles may not be sufficient to detect new physics. For example, suppose 
there is new physics that arises in B° — B mixing. Let us assign a phase 
9 to this new physics. If we then measure CP violation in B° — > J/ipKs 
and eliminate any Penguin pollution problems in using B° — > 7r + 7r~, then 
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Figure 2. The CKM triangle shown in the p — rj plane. The shaded regions show +lcr 
contours given by |Vub/Vd,|, neutral B mixing, and CP violation in if£ decay (e). The 
dashed region is excluded by B a mixing limits. The allowed region is defined by the overlap 
of the 3 permitted areas, and is where the apex of the CKM triangle sits. 

we actually measure 2(3' = 2(3 + 8 and 2a' — 2a — 9. So while there is new 
physics, we miss it, because 2f3' + 2a' = 2a + 2(3 and a' + (3' + 7 = 180°. 

2.2 Ambiguities 

In measuring CP phases there are always ambiguities. For example, any de- 
termination of sin(20), has a four-fold ambiguity; 0, 7r/2 — 4>, it + <f>, 3n/2 — <f) 
are all allowed solutions. Often the point of view taken is that we know rj 
is a positive quantity and thus we can eliminate two of the four possibilities. 
However, this is dangerous as it could lead to our missing new physics. Ev- 
idence that 77 is positive is derived from the measurements of e and e' using 
theoretical models. Even accepting that Kl decays give ij > 0, it would be 
foolhardy to miss new physics just because we now assume that 77 must be 
positive rather than insisting on a clean measurement of the angles that could 
show a contradiction. 

2.3 Technique for Measuring a 

It is well known that sin(2/3) can be measured without problems caused by 
Penguin processes using the reaction B° — ► J/tpKs- The simplest reaction 
that can be used to measure sin(2a) is B° — > 7r + 7r~ . This reaction can proceed 
via both the Tree and Penguin diagrams shown in Fig. |^. 

Current CLEO results! are B(B° -> K^tt^ = (1.88±g;|| ± 0.13) x 1(T 5 
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and B(B° -> tt+tt") = (0.47±g;^ ± 0.06) x 10~ 5 , showing a relatively large 
Penguin amplitude that cannot be ignored. The Penguin contribution to 
7r + 7r~ is roughly half the Tree amplitude. Thus the effect of the Penguin must 
be determined in order to extract a. The only model independent way of doing 
this was suggested by Gronau and London, but requires the measurement of 
B T — ► 7r T 7r° and B° — > 7r°7r°, the latter being rather daunting. 

There is however, a theoretically clean method to determine a. The in- 
terference between Tree and Penguin diagrams can be exploited by measuring 
the time dependent CP violating effects in the decays B° — > pir — > ir + ir~ir° 
as shown by Snyder and Quinn.tl 

The p?r final state has many advantages. First of all, it has been seen 
with a relatively large rate. The branching ratio for the p°ir + final state as 
measured by CLECo is (1.5±0.5±0.4) x 10~ 5 , and the rate for the neutral B 
final state p ± 7r T is (3.5±i;J±0.5) x nr 5 , while the p°7r° final state is limited at 
90% confidence level to < 5.1 xJ,0 -6 . These measurements are consistent with 
some theoretical expectations.til Secondly, the associated vector-pseudoscalar 
Penguin decay modes have conquerable or smaller branching ratios. Further- 
more, since the p is spin-1, the 7r spin-0 and the initial B also spinless, the 
p is fully polarized in the (1,0) configuration, so it decays as cos 2 9, where 9 
is the angle of one of the p decay products with the other 7r in the p rest 
frame. This causes the periphery of the Dalitz plot to be heavily populated, 
especially the corners. A sample Dalitz plot is shown in Fig. [|. This kind of 
distribution is good for maximizing the interferences, which helps minimize 
the error. Furthermore, little information is lost by excluding the Dalitz plot 
interior, a good way to reduce backgrounds. 

To estimate the required number of events Snyder and Quinn preformed 
an idealized analysis that showed that a background-free, flavor-tagged sample 
of 1000 to 2000 events was sufficient. The 1000 event sample usually yields 
good results for a, but sometimes does not resolve the ambiguity. With the 
2000 event sample, however, they always succeeded. 

This technique not only finds sin(2a), it also determines cos(2a), thereby 
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Figure 4. The Dalitz plot for B° — > pir — » 7r + 7r 7r° from Snyder and Quinn. 



removing two of the remaining ambiguities. The final ambiguity can be 
removed using the CP asymmetry in B° — *■ 7r + 7r~ and a theoretical 
assumptions 

2-4 Techniques for Measuring 7 

In fact, it may be easier to measure 7 than a. There have been at least four 
methods suggested. 

(1) Time dependent flavor tagged analysis of B s — > DfK T . This is a 
direct model independent measurement .E3 

(2) Measure the rate differences between B~ — > D K~ and £> + — > D°K + 
in two different £)° decay modes such as K~n + and K + K~ . This method 
makes use of the interference between the tree and doubly-Cabibbo suppressed 
decays of the D°, and does not depend on any theoretical modeling. t3hQ 

(3) Rate measurements in two-body B — > i^7r decays, ^cottage industry 
has developed. However, all methods are model dependent .ta |— ■ 

(4) Use U-spin symmetry to relate B° — > n + iT~ and B s — > K + K~E3 

2.5 Required Measurements Involving (3 

The phase of B° — B° mixing will soon be measured by e + e~ fe-factories using 
the J/ipKs final state. New physics could be revealed by measuring other 
final states such as <j>Ks, rfKs or J/ipir°. 

It is also important to resolve the ambiguities. There are two sugges- 
tions on how this may be accomplished. Kayserta shows that time dependent 
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measurements of the final state J/tpK°, where K° — > iriv, give a direct mea- 
surement of cos(2/3) and can also be used for CPT tests. Another suggestion is 
to use the final state J/ipK*°, K*° — > Kstt°, and to compare with B s — ► J/ipcj) 
to extract the sign of the strong interaction phase shift assuming SU(3) sym- 
metry, and thus determine cos(2/3).E2l 



2.6 A Critical Check Using \ 

The angle \, defined in equation |2[ can be extracted by measuring the time 
dependent CP violating asymmetry in the reaction B s — ► J/iprf'\ or if one's 
detector is incapable of quality photon detection, the J/ifxj) final state can be 
used. However, there are two vector particles in the final state, making this a 
state of mixed CP a requiring time-dependent angular analysis to find x that 
requires large statistics. 

Measurements of the magnitudes of CKM matrix elements all come with 
theoretical errors. Some of these are hard to estimate; we now try and view 
realistically how to combine CP violating phase measurements with the mag- 
nitude measurements to best test the Standard Model. 

The best measured jpagnitude is that of A = \V US /V ud \ = 0.2205±0.0018. 
Silva and Wolfcnstcincra show that the Standard Model can be checked in a 
profound manner by seeing if: 



smx 



V us 



V ud 



sin/3 sin 7 
sin(/3 + 7) 



(3) 



Here the precision of the check will be limited initially by the measurement of 
sin%, not of A. This check can reveal new physics, even if other measurements 
have not shown any anomalies. There are other checks using 



2. 7 Other Critical CKM Measurements and Summary 

Magnitudes of the CKM elements are important to measure as precisely pas 
possible. Current measurements of \V c b\ and \V U {,\ are discussed elsewhere.Ej 

It has been predicted that AT/T for the B s system is of the order of 10%. 
This can be determined by measuring the lifetimes in different final states 
such as D-TT+ (mixed CP), J/tprj' (CP -) and K+K' (CP +). AJnite Ar 
would allow many other interesting measurements of CP violation£U 

Table |l| lists the most important physics quantities and the suggested de- 
cay modes. The necessary detector capabilities include the ability to collect 
purely hadronic final states, the ability to identify charged hadrons, the abil- 
ity to detect photons with good efficiency and resolution and excellent time 
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resolution required to analyze rapid B s oscillations. 

Table 1. Required CKM Measurements for 6's 



Physics 


Decay Mode 


Hadron 


Kn 


7 


Decay 


Quantity 






Trigger 


sep 


dct 


time a 


sin(2a) 


B° - 


-* pTT — > 7T + 7T 7T° 


V 


V 


V 




cos(2a) 


B° - 


-* pir — > 7r + 7r _ 7r° 


V 


V 


V 




sign(sin(2o!)) 


B° - 


-> pvr & B° -> ir+ir- 


V 


V 


V 




sin(7) 


B s - 




V 


V 




V 


sin(7) 


B~ 




V 


V 






sin(7) 


B° - 


-> it+tt- k B s -> K+K- 


V 


V 




V 


sin(2x) 


B s - 


■* J/ipr)', J/ipr] 






V 


V 


sin(2/3) 


B° - 


-> J/ipKs 










cos(2/3) 


B° - 


-> J/ipK°, K° -► 7T^ 










cos(2/3) 


B° - 


-> j/v>.?r o & s s -► j/^ 








V 


X s 


B s - 




V 






V 


AT for B s 


B„- 


-> J/W, ^tt", K+K- 


V 


V 


V 


V 



3 Searches for New Physics 

Because new physics at much larger mass scales can appear in loops, rare 
process such as b — > sj, dj, sl + t~ and d£ + i~ have the promise to reveal new 
physics. Searches in both exclusive and inclusive final states are important. 

Charm decays also offer the possibility of finding new physics in the study 
of either mixing or CP violation as the Standard Model prediction is small. 
The current experimental measurement of mixing is rjj < 5 x 10~ 3 , while 
the SM expectatior£3 is 10~ 7 — 1Q— i 6 - For CP violation the current limits are 
about 10%, while the expect at ioncj is 10~ 3 . 



4 The Next Generation of Experiments: LHC-b and BTeV 

4-1 Rationale 

To over constrain the CKM matrix and look for new physics, all the quantities 
listed in Table [l] must be measured. This requires large samples of 6-flavored 
hadrons, and detectors capable of tolerating large interaction rates and having 
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excellent lifetime resolution, particle identification and 7/71"° detection capa- 
bilities. 

Fortunately, large samples of b quarks are available. With the Fermilab 
Main Injector, the Tevatron collider will produce w4x 10 11 b hadrons/10 7 s 
at a luminosity of 2 x 10 32 cm~ 2 s _1 . Rates are « 5 times larger at the LHC. 
These compare very favorably to e + e~ machines operating at the T(4S). At 
a luminosity of 3 x 10 33 they produce 6 x 10 7 B's/10 7 s. Furthermore B Sl Af, 
and other ^-flavored hadrons are accessible for study at hadron colliders. Also 
important are the large charm rates, *~10 times larger than the b rate. 

4-2 b Production Characteristics 

Let us explore the reasons for the choice of the forward direction. It is often 
customary to characterize heavy quark production in hadron collisions with 
the two variables pt and n, where ij = —In (tan (0/2)) , and 9 is the angle of 
the particle with respect to the beam direction. According to QCD based 
calculations of b quark production, the -B's are produced "uniformly" in r\ 
and have a truncated transverse momentum, p t , ap.ectrum characterized by 
a mean value approximately equal to the B mass.Efl The distribution in 77 is 
shown in Fig. pj. Note that at larger values of the B boost, ^7, increases 
rapidly. 




~ B ~ h ~ A ° 2 ' B fl -5 -a.5 2.5 5 

Figure 5. The B yield versus rj (left). [3-y of the B versus r\ (right). Both plots are for the 
Tevatron. 

The "flat" n distribution hides an important correlation of bb production 
at hadronic colliders. In Fig. ^the production angles of the hadron containing 
the b quark is plotted versus the production angle of the hadron containing the 
b quark according to the Pythia generator. Many important measurements 
require the reconstruction of a b decay and the determination of the flavor 
of the other b, thus requiring both 6's to be observed in the detector. There 
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is a very strong correlation in the forward (and backward) direction: when 
the B is forward the B is also forward. This correlation is not present in the 
central region (near zero degrees). By instrumenting a relative small region of 
angular phase space, a large number of bb pairs can be detected. Furthermore 
the B's populating the forward and backward regions have large values of [3j. 



Figure 6. The production angle (in degrees) for the hadron containing a b quark plotted 
versus the production angle for a hadron containing b quark. (For the Tevatron.) r\ of zero 
corresponds to 90° here. 

Both experiments use forward spectrometers which utilizes the boost of 
the -B's at large rapidities. This is of crucial importance because the main 
way to distinguish b decays is by the separation of decay vertices from the 
main interaction vertex. 

4-3 General Design Considerations 

Two dedicated experiments are contemplated, LHC-b which has been ap- 
proved and BTeV, an approved R&D program at Fermilab that was requested 
to prepare a proposal for submission in summer of 2000.LJ They both look for 
b decays in the "forward" direction close to the beam line to exploit the large 
b momenta and the correlated bb production. As a result, they both have long 
and narrow interaction regions. The CO interaction region at Fermilab was 
constructed to allow the BTeV experiment to fit. 

There are problems that heavy quark experiments at hadron colliders 
must overcome. First of all, the hugh b rate is accompanied by an even larger 
rate of uninteresting interactions. At the Tevatron the b- fraction is only 1 /500, 
and is only 5 times larger at the LHC. In searching for rare processes, at the 
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level of parts per million, the background from b events is dominant. (Of 
course all b experiments have this problem.) The large data rate of 6's must 
be handled. For example, BTeV, has 1 kHz into the detector, and these events 
must be selected and written out. The electromagnetic calorimeter must 
robust enough to deal with the particles from the underlying event and still 
have useful efficiency. Furthermore, radiation damage can destroy detector 
elements. 

The strategy BTeV employes to overcome these obstacles includes trigger- 
ing on events with detached vertices in the first trigger level. Both BTeV and 
LHC-b use the excellent detached vertex resolution, ~ 40 fs, to reject back- 
grounds in their analyses. Both experiments incorporate deadtimeless trigger 
and data acquisition systems, and have excellent Cherenkov Ring Imaging de- 
tectors to select charged hadrons. Furthermore BTeV has an excellent Elec- 
tromagnetic calorimeter made from PbWC>4 crystals, based on the design of 
CMS. Both experiments can measure B s mixing up to x s values of 60-80. 

LHC-b employs a somewhat different trigger strategy. They have a first 
level trigger (which they somewhat annoyingly call level-0) that selects events 
on the basis of having hadronic tracks or leptons with transverse momenta in 
the range of a few GeV/c. They then ask for detached verticies in the next 
trigger level. 

4-4 Short Detector Descriptions 

The LHC-b detector is shown in Fig. 0. The vertex detector is made from 
silicon strips. It is located in a magnetic field free region, and placed as close as 
10 mm from the beam line. Two Ring Imaging Cherenkov detectors are used 
with different gases to cover the full momentum range for K/tt separation. 
In addition, to separate kaons from protons, an aerogel radiator will likely be 
attached to the entrance window on the first RICH. There is a "Shaslik" style 
electromagnetic calorimeter made from scintillating fibers embedded in lead 
and a hadron calorimeter whose primary use is to veto crossing with more 
than one interactions, since these can confuse the trigger. 

The BTeV Detector is shown in Fig. |8[ It has two "forward" arms. This 
is done to increase the accepted b rate. BTeV must make up a factor of 
«5 to compete with LHC-b. BTeV has the vertex detector in the magnetic 
field. It is a pixel detector and is placed 6 mm from the beam line. BTeV 
believes that the detached vertex triggering is enhanced by eliminating low 
momentum, large multiple scattering tracks, from consideration. The single 
RICH, also with aerogel, is followed by a PbW04 electromagnetic calorimeter 
based on the design of CMS for radiation hard crystals. The crystals are 
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1) Vertex detector 2) Aerogel and Gas RICH's 3) Magnet yoke 4) Coils 
5) Magnetic field shielding plates 6) Tracking chambers 7) Gas RICH 
8) Electromagnetic calorimeter 9) Hadron calorimeter 10) Muon system 

Figure 7. Schematic of the LHC-b detector. 



approximately 26 mm x 26 mm x 220 mm. This gives good segmentation. 
Note that the lower momenta and multiplicities allow each arm of BTeV to 
be about half the length of LHC-b. 
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Figure 8. Schematic of the BTeV detector. 



4-5 Some Sensitivity Projections 

Space precludes a through discussion of sensitivities. I will discuss one illus- 
trative example, the CP asymmetry in B° — » -k + tt~ . I use a BTeV simulation. 
The B° momentum distribution for events in the detector is shown in Fig. ^. 
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Also shown is the error in decay distance. The peak of the B° momentum 
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Figure 9. The momentum distribution (dashed) of _B's accepted by BTeV in the 7T+7T 
decay mode along with the error on the vertex position measurment (solid points). 



distribution is about 30 GeV/c. Since the average decay length goes as 480 
limxpB/niB, 30 GeV/c -B's go about 3 mm. Below about 20 GeV/c the error 
on measuring the decay distance grows, while above the decay distance error 
grows linearly with B momentum. The error growth at low momentum is 
due to multiple scattering. Since the key variable is decay distance divided 
by the error on decay distance, L/cr, it is best to have B's above 20 GeV/c. 
Lja is key in triggering as well as rejecting background. However, another 
significant source of background could be the other two-body decays into two 
pseudoscalars. These include B° — > K ± tt t and K + K~, and B s — > K + K~ 
and if ± 7r T . Fig. shows the reconstructed mass spectra using the current 
CLEO measured branching ratiosa for K~n + and 7r + 7r~, and assuming the 
corresponding modes in B s decay have the same branching fractions. The 
7r + 7r~ signal is completely swamped. However, the RICH particle identifi- 
cation should remove almost all the background. The relevant sensitivity 
calculations are shown for LHC-b and BTeV in Table | 

Comparing with e + e~ machines at a luminosity of 3 x 10 33 , the sensitivity 
is vastly greater; there are only 13 flavor tagged tt + tt~ events in e + e~. 
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Figure 10. Two-body mass plots without particle identification left) — > K + tt^ , B a — > 
ir + K~, B s — * K + K~ , right) i?^ — » and a sum of all two body decay modes. All 

particles are assumed to be pions. 



Table 2. Sensitivity for the CP Asymmetry in B° — > 7T+7T 



Quantity 


BTeV 


LHC-b 


b cross-section 


fOO lib 


500 nb 


Luminosity 


2 x f CPcm^s- 1 


2 x 10 32 cm _2 s" 1 


# B°/Year (10 7 s) 


1.4 x 10 11 


7.0 x 10 11 


-> 7T+7T-) 


0.47 x 1CT 6 


0.47 x 10~ 6 


Reconstruction efficiency 


0.06 


0.03 


Triggering efficiency 


0.50 


0.17 


# Of (tT+TT) 


20,000 


18,700 


e£> 2 for flavor tags 


0.1 


0.1 


Signal /Background 


0.4 


0.67 


Error in Asymmetry 


±0.042 


±0.037 



5 Conclusions 



Both LHC-B and BTeV will be able to make what we now consider to be 
the quintessential measurements in b and charm physics. The sensitivities on 
the angle 7 arc estimated to be better than 10°. It is likely that at least 
two of the ambiguities in sin(2/3) will be resolved. To measure a the reac- 
tion B° — > p-n looks most promising. Here preliminary estimates give BTeV 
a factor of 50 larger efficiency. However, neither experiment has estimated 
the backgrounds. Both experiments aim toward measuring \- BTeV, with 
its excellent electromagnetic calorimeter will use primarily the B s — > J/ijjr)' 
mode, while both experiments will also use the J final state. Besides the 
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precise measurement of CKM angles and resolving ambiguities, the search for 
new physics will be of paramount importance. 
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